Background/Aims: Sinonasal mucosal melanoma (SMM) is a rare but extremely aggressive disease. Interestingly, however, as lethal as SMM, a few patients could survive for over 5 years without metastasis. However, biomarkers for metastatic SMM are lacking. Methods: Lasercapture microdissection combined with microRNA microarray and RT-qPCR was performed in formalin-fixed paraffin-embedded tissue samples from SMM patients whose follow-up studies were carried out in parallel. In vitro cell proliferation and invasion assays, gelatin zymography, western blot analysis and RT-qPCR were performed in melanoma cell lines. Results: In the discovery stage, miR-4633-5p expressed differentially in sinonasal mucosal melanoma patients with short and long disease-specific survival. Subsequent large-sample validation revealed that expression of miR-4633-5p was lower in metastatic SMM than in non-metastatic patients (P<0.001). Moreover, miR-4633-5p low was able to identify metastatic SMM with specificity of 100% (5/5) and sensitivity of 87.5% (21/24). Multivariate analysis further pinpointed miR-4633-5p as an independent marker for metastasis (relative risk: 54.22, P<0.001). In vitro, overexpression of miR-4633-5p suppressed the growth and invasiveness of melanoma cells through inhibiting activation of Akt pathway and secretion of MMP2, while knockdown of miR-4633-5p reversed the inhibitory effects. Conclusion: Our findings underpin miR-4633-5p as a predictive biomarker in metastatic SMM and a pivotal tumor suppressor that negatively regulates the invasive growth of melanoma cells. Quantitative detection of miR-4633-5p can diagnostically predict the risk of metastasis in SMM patients, which, in turn, may lead to more personalized treatment with better prognosis.
Introduction
Melanoma is a large entity of malignant tumor with increasing incidence and poor prognosis [1] . Among melanomas of all sites, mucosal melanoma takes up less than 1%; among which, 1/3 occurs in the sinonasal tract [2] [3] [4] . The extreme aggressiveness of sinonasal mucosal melanoma is gradually being acknowledged. From the 7 th edition of AJCC Cancer Staging Manual on, mucosal melanoma has been assigned its own staging system, which is distinct from that of other mucosal diseases and cutaneous melanoma [1] . Stages T1 and T2 were also abolished to warn clinicians that even shallow and confined head and neck mucosal melanoma is of poor prognosis [1] . Therefore, in the 7 th edition of AJCC Cancer Staging Manual, development of sinonasal mucosal melanoma was categorized into four stages, namely stages III, IVA, IVB and IVC. According to the 8 th edition of AJCC Cancer Staging Manual, 5-year survival rates of nasal and sinonasal mucosal melanoma were 15-30% and 0-5%, respectively [1] . In our previous study, we also found that, as lethal as sinonasal melanoma, approximately 10% of patients could survive for over 5 years without metastasis. However, biomarker for metastatic sinonasal mucosal melanoma is lacking.
Quantitative detection of microRNAs (miRNAs) has been found to be useful in differential diagnosis, for the expression pattern of miRNAs is usually disease-specific [5] [6] [7] [8] [9] . As short, noncoding RNA, one striking feature of miRNA is its molecular stability that, unlike vulnerable long chain RNAs, miRNAs can be well preserved in formalin-fixed paraffin-embedded (FFPE) tissue over years, which renders miRNAs an excellent candidate for researches exploring biomarkers in particularly rare diseases such as sinonasal mucosal melanoma [6, 10, 11] .
Akt, also known as protein kinase B, is a serine/threonine kinase that promotes cell proliferation, cell cycle and survival [12] . Akt responds to numerous upstream signals by altering its cellular distribution and kinase activity, which subsequently leads to an altered phosphorylation status of its downstream targets. In melanoma, Akt was reported to promote tumor growth, metastasis and development of chemoresistance [13] . Furthermore, the phosphorylation status of Akt was also associated with activity of MMP2 (matrix metalloproteinase-2) in melanoma, which cooperatively expedites the invasion of melanoma cells and, thus, metastasis [14] .
The present study aims to identify potential biomarkers in metastatic sinonasal mucosal melanoma. Using miRNA microarray combined with laser-capture microdissection, we found that miR-4633-5p expressed differentially in sinonasal mucosal melanoma patients with long and short disease-specific survival. Subsequent large-sample validation suggested that low expression of miR-4633-5p could accurately and independently discriminate metastatic sinonasal mucosal melanoma patients from non-metastatic patients. Additionally, miR-4633-5p could functionally suppress the invasive growth of melanoma cells through the inhibition of MMP2 secretion and the inactivation of Akt pathway in vitro.
Materials and Methods
Clinical specimens and follow-up study Primary human sinonasal mucosal melanoma samples were collected at the time of surgery (1998-2013) from patients enrolled in Eye, Ear, Nose and Throat Hospital affiliated to Fudan University, a tertiary referral hospital that serves patients across East China. Informed consents were obtained from all patients and approval acquired by the Ethics Committee of Eye, Ear, Nose and Throat Hospital affiliated to Fudan University. Patients were followed up in October, 2016. For the convenience of statistical analysis, all tumors were staged according to the 7 th edition of AJCC Cancer Staging Manual, which was replaced by a TNM staging system in the 8 th edition [14] . Mutational status of the clinical specimens was not available.
Split-sample method
In order to find out metastasis-related miRNAs, all cases were divided into the following groups. Cases with disease-specific survival (DSS) ≤ 12 months were defined as DSS-short. Cases with DSS ≥ 36 months were defined as DSS-long. Cases that developed metastasis (either regional or distant) were classified into the metastatic group and those without clinical sign of metastasis until last follow-up were the nonmetastatic group. Of all the cases in the metastatic group, all but one case developed distant metastasis.
In all, 63 cases were collected and were reviewed to confirm diagnosis of primary sinonasal mucosal melanoma. Seven cases were excluded from further analysis. Four of them had insufficient archived tumor tissue and another three had heavy inflammation, rendering purity of melanoma cell >85% unachievable. Upon strict crosschecking and pairing of available clinicopathologic parameters, 4 DSS-long cases and 4 DSS-short cases were matched and were chosen as the discovery cohort. The validation cohort consisted of 8 DSS-long cases and 8 DSS-short cases that were randomly chosen. The application cohort consisted of the rest 32 cases.
Laser-capture microdissection (LCM)
LCM was performed as previously described [6] . Briefly, 5µm-thick FFPE sections were used for LCM. A hematoxylin and eosin-stained section was consulted in each case to guide the area of interest. Melanoma cells were captured using ultraviolet laser cutting following manufacturer's protocol to ensure purity of melanoma cell >85%.
Microarray hybridization and data analysis
The expression of 2549 human miRNAs (from Sanger miRBase V.21.0) in the discovery cohort was analyzed by Human microRNA Microarray (Agilent Technologies, Shanghai, China). Sample labeling, microarray hybridization and washing were performed according to manufacturer's protocols. Briefly, total RNA (~100 ng) extracted from LCM-captured tumor tissue were dephosphorylated, denaturated, labeled with Cyanine-3-CTP and purified. The labeled RNAs were then hybridized onto the microarray. After washing, the microarray was scanned with the Agilent Scanner G2505C (Agilent Technologies).
The microarray image information was converted into raw data using Feature Extraction software (V.10.7.1.1, Agilent Technologies). After background subtraction, the signal was exported into the Genespring software (V.13.1, Agilent Technologies) for quantile normalization. In each pair of cases, differentially expressed miRNAs were defined as fold change ≥2.
RNA extraction and quality control
Total RNA of FFPE sections and cultured cells were extracted using RecoverAll™ Total Nucleic Acid Isolation Kit for FFPE (AM1975, ThermoFisher Scientific, Shanghai, China) and TRIzol (15596026, ThermoFisher Scientific), respectively, following manufacturer's protocol. RNA samples were stored at -80℃.
Concentration and quality of RNA was measured by NanoDrop 2000 (NanoDrop Technologies, Waltham, Massachusetts, USA). RNA samples were excluded from further analysis if OD 260/280 <1.8.
Reverse-transcriptase quantitative PCR (RT-qPCR)
Quantification of miRNAs in the validation and the application cohorts were carried out using RTqPCR. Reverse transcription of miRNA and mRNA and quantitative PCR were carried out using Taqman microRNA Reverse Transcription Kit, High Capacity cDNA Reverse Transcription Kit and Taqman Universal PCR Master Mix and SYBR™ Green PCR Master Mix (Applied Biosystems, Shanghai, China) following manufacturer's protocols. Primers and probes of U6 small nuclear RNA (snRNA), miR-30c-2-3p, miR-4633-5p and miR-4633-3p were purchased (Invitrogen, Shanghai, China). Primers of MMP2, MMP9 and GAPDH were synthesized (Sangon Biotech, Shanghai, China). Primer sequences of MMP2, MMP9 and GAPDH were retrieved from PrimerBank [15] . The expression of U6 snRNA and GAPDH was used as endogenous control for quantification of miRNA and mRNA, respectively. All experiments were carried out in 3 technical repeats and 3 biological repeats. 
Cell culture
As far as we know, sinonasal mucosal melanoma cell line has not been established yet. Moreover, in order to find out whether miR-4633-5p is a broad-spectrum tumor suppressor in melanoma, in vitro functional studies were carried out in two non-mucosal melanoma cell lines. Human melanoma cell lines A375 and MDA-MB-435S (M435S) were purchased from Cell Bank of Chinese Academy of Sciences (Shanghai, China). A375 were derived from cutaneous melanoma and M435S from pleural effusion of a patient with breast cancer and was therefore previously described as ductal carcinoma, but was later confirmed to be of melanoma origin [16] . A375 cells and M435S cells were cultured in high-glucose DMEM (Gibco, Shanghai, China) supplemented with 10% FBS (Gibco).
Transfection of oligo RNA
The mature miR-4633-5p is 20nt long (full sequence: 5'-AUAUGCCUGGCUAGCUCCUC-3', miRBase accession number: MIMAT0019689) [17] . Double strand miR-4633-5p mimics, mimics control (mimics-NC), single strand anti-miR-4633-5p (anti-miR) and anti-miR control (anti-NC) were synthesized (GenePharma, Shanghai, China).
A375 cells and M435S cells were transfected with miR-4633-5p mimics and anti-miR to up-and down-regulate the expression of miR-4633-5p. A375 and M435S cells were seeded 16-24 hours prior to transfection to yield 30-50% confluence at the time of transfection. Liposomal cocktails with miR-4633-5p mimics (50nM final), anti-miR (50nM final), mimics-NC (100nM final) and anti-NC (100nM final) were generated with Lipofectamine 2000 (ThermoFisher Scientific) serum-free medium following manufacturer's protocols. Cells were incubated with transfection complexes for 4-6 h prior to media change. Transfected cells were incubated for 48 h prior to assay seeding. RT-qPCR was carried out in parallel to confirm successful transfection.
Transfection of plasmid
Green fluorescent protein (GFP)-expressing, blasticidin-resistant plasmids carrying either shorthairpin DNA (control plasmid) or full sequence of precursor miRNA (hsa-mir-4633, mir-4633) along with ~200 nt flanking sequences were constructed. Melanoma cell seeding was performed as described above. Plasmids were transfected at a final concentration of 1 µg/ml with Lipofectamine 2000 (ThermoFisher Scientific) following manufacturer's protocols. After GFP was observed in melanoma cells under fluorescence microscope, 10 µg/ml of blasticidin (Sigma-Aldrich, Shanghai, China) was added to the culture medium and incubated for 5-7 days prior to assay seeding. RT-qPCR was carried out in parallel to confirm successful transfection.
Cell proliferation assays
Cell Counting Kit-8 (CCK-8, Dojindo, Shanghai, China) assay was carried out in 3 biological repeats, each with 4-5 technical repeats, following manufacturer's protocol. OD value at 450 nm was converted into cell number according to standard curves and then into fold change.
Colony formation assays were carried out in 3 biological repeats, each with 2 technical repeats. Approximately 500 melanoma cells transfected with oligo RNA or 1, 000 melanoma cells transfected with plasmid were seeded into each well of a 6-well plate (Corning, Shanghai, China) and grown for 6-8 days. Oligo RNA transfection was repeated at day 3 (upon seeding into 6-well plate) to maintain the effect. Then, the 6-well plate was washed 3 times with PBS, fixed in methanol for 5 min, washed 3 times with distilled water, stained with 0.1% crystal violet for 10 min, washed by distilled water, air dried and photographed.
Transwell assay
Matrigel (Corning) preparation and coating of upper chamber were performed according to manufacturer's protocol. Briefly, 2×10
4 melanoma cells were seeded into the upper chamber and were allowed to attach overnight before change of culture media. Then, serum-free media and culture media supplemented with 10% FBS were added to the upper and lower chambers respectively. After 24 hours, melanoma cells that had invaded through the permeable membrane (pore diameter: 8.0 µm) were fixed in methanol and stained with crystal violet. Cells were counted under the microscope at 100× magnification. Six fields (3 peripheral and 3 central) were randomly chosen for cell counting. All experiments were carried 
Gelatin zymography
Conditioned media was prepared as previously described [18] . Gelatin zymography was carried out following manufacturer's protocol (Abcam, Shanghai, China). Briefly, 2×10
5 cells were seeded into each well of a 6-well plate. Upon reaching 95% confluence, culture media was changed into serum-free media and was collected after 24 hours. Culture media was then concentrated and loaded onto 7.5% SDS-PAGE gel containing 0.1% gelatin and then electrophoresed at 4°C Then, gels were washed in 2.5% Triton X-100 at room temperature for 1 h, incubated at 37°C for 24 h in incubation buffer, stained with Coomassie Brilliant Blue R-250 and destained. MMP2 activity presented as clear bands around 64kD. All experiments were carried out in 3 biological repeats, each with 2 technical repeats.
Western blot analysis
Western blot analysis was performed following manufacturer's protocols and as previously described with the following modifications for the analysis of MMP2 [6] . Conditioned cell-culture media (3 µg proteins) was separated by 7.5% SDS-PAGE. Blocking solution consisted of 5% BSA (Sigma-Aldrich) in 25 mM TrisHCl (pH 7.4), 150 mM NaCl, 3 mM KCl, and 0.1% Tween 20. Primary antibodies of MMP2, MMP9, β-actin, Akt, phospho-Akt Ser473 (pAktS473), phospho-Akt Thr308 (pAktT308), GSK-3β, phospho-GSK-3β Ser9 (pGSK-3βS9), PTEN, phospho-PTEN Ser380 (pPTENS380), PDK1 and phospho-PDK1 Ser241 (pPDK1S241) were purchased (Cell Signaling Technology, Shanghai, China). All experiments were carried out in 3 biological repeats, each with 2 technical repeats. Quantification of intensity of target bands was performed by subtracting regional background and then normalizing against intensity of control bands.
Statistical analysis
Statistical analyses were performed using the SPSS software (version 19). The Kaplan-Meier analysis and log-rank test was used to assess univariate in survival analysis. The Cox regression analysis was used to assess multivariate in survival analysis. The Fisher's exact test was used to assess correlation between categorical data. The Student's t test and one-way ANOVA-Bonferroni test were used to assess continuous data. Logistic regression analysis was used to assess multivariate in metastasis analysis [19] . All tests were two tailed. P <0.05 was considered statistically significant.
Results

Clinicopathologic features and survival of sinonasal mucosal melanoma
The clinicopathologic features and DSS of all the 56 cases were summarized in Table 1 . The average age at primary diagnosis was 60 years (range, 26 years to 85 years). Thirty-one (55.4%) patients underwent endoscopic resection, 17 (30.4%) patients underwent lateral rhinotomy, 5 (8.9%) patients underwent maxillectomy and 2 (3.6%) patients underwent radical maxillectomy extending to the orbit. One patient presented with cervical lymph node involvement at the time of diagnosis and therefore underwent neck dissection in addition to lateral rhinotomy. Clean surgical margin was achieved in all but two cases. For the two cases with positive margin, one patient underwent endoscopic resection and survived for 15 months; the other patient underwent maxillectomy and survived for 29 months.
In terms of adjuvant therapy, none of the patients received targeted therapy. Among the 27 (48.2%) patients who received adjuvant therapy, 14 were treated in our hospital as follows. One patient received preoperative chemoradiotherapy (radiotherapy dosage: 48 Gy; chemotherapy: dacarbazine 220 mg/m 2 for 5 days, repeated after 3 weeks, 3 cycles in total) due to unresectable primary tumor mass. The rest 13 patients received postoperative threedimensional image-based treatment planning and intensity-modulated radiation therapy for about 7 weeks (mean dosage: 63.1 Gy, range: 48 Gy to 71 Gy). One of the 13 patients 
In the majority of cases, surgically removed tissue was fragmented and lacking anatomic landmarks. Therefore, tumor thickness and ulceration status were not assessable. The estimated tumor size ranged from 2×1×0.5 cm 3 to 5×4.5×4.0 cm 3 . Three (5.4%) patients presented with neural symptoms (2 with facial numbness and 1 with mild headache). However, perineural invasion was not observed microscopically. Cellular morphology of sinonasal mucosal melanoma included epithelioid, plasmacytoid, spindled, undifferentiated and mixed types [1, 19] . Cellular morphology didn't correlate with DSS (data not shown). The most commonly observed growth pattern was perivascular growth, which was observed in 21 (37.5%) cases. Bone invasion was observed in 6 (10.7%) cases and didn't correlate with DSS or metastasis due to limited sample size (data not shown).
Among the clinicopathologic parameters examined in univariate survival analysis, elder age, absence of melanin and presence of metastasis (either regional or distant) were associated with shorter DSS of sinonasal mucosal melanoma, while sex, mitotic index, necrosis and treatment modality were not (Table 1, Fig. 1 ). Patients with no smoking history (<10 pack-year) and lower stage showed a trend towards having longer DSS, but was not statistically significant (Table 1, Fig. 1 
Expression of miR-4633-5p was lower in metastatic sinonasal mucosal melanoma
To find potential biomarkers for metastatic sinonasal mucosal melanoma that is independent of prognosis-associated clinicopathologic parameters (e.g. age), we evaluated the expression of 2549 human miRNAs in eight paired cases (the discovery cohort, Table  2 ) by miRNA microarray. Two miRNAs were found up-regulated in cases with long DSS and two were down-regulated ( Fig. 2A) . Next, we examined the expression of the two miRNAs with the highest fold change (miR -30c-2-3p and miR-4633-5p) in larger sample size (the validation cohort) to verify the findings of the discovery cohort. One case was excluded due to poor quality of RNA. In the rest fifteen cases, the expression of miR-30c-2-3p was similar between different groups (data not shown). The expression of miR-4633-5p was also similar in cases with long and short DSS (mean ΔCT, 8.06 vs. 9.29, P=0.465, Student's t test). However, the expression of miR-4633-5p was, on average, 32 times lower in metastatic sinonasal mucosal melanoma than that in non-metastatic cases (mean ΔCT, 11.01 vs. 6.04, P<0.001, Student's t test; Fig. 2B ).
Low expression of miR-4633-5p suggested high risk of metastasis
To further substantiate the findings of the validation cohort, we examined the expression of miR-4633-5p in the application cohort. Three cases were excluded due to poor quality of RNA. As the highest ΔCT value of miR-4633-5p in the non-metastatic group in the validation cohort was 8.64, the cut-off ΔCT value was set at 9 to minimize false positivity in the Fig. 2C) .
Next, we retrospectively reviewed the clinicopathologic features of the above 52 cases, whose miR-4633-5p status was available, to see whether miR-4633-5p low correlated with 
Overexpression of miR-4633-5p suppressed growth of melanoma cells in vitro
To investigate whether miR-4633-5p functions as tumor suppressor in melanoma cells, in vitro functional studies were carried out. CCK-8 assay and colony formation assay were carried out to explore whether miR-4633-5p suppressed cell proliferation and colony formation. M435S cells transfected with miR-4633-5p mimics showed significantly decreased proliferation and colony formation than those transfected with mimics-NC, while the application of anti-miR failed to exhibit any difference in both CCK-8 assay and colony formation assay (Fig. 3A-B) . Parallel RT-qPCR demonstrated that expression of miR-4633-5p changed over 2-fold upon transfection (data not shown). Experiments with A375 cells showed similar results (data not shown). We reckoned that the seemingly ineffectiveness of miR-4633-5p knockdown was due to the low basal expression of miR-4633-5p in melanoma cell lines, which was highly likely to be far below threshold (mean ΔCT, 11.1 for M435S and 14.8 for A375).
Knockdown of miR-4633-5p promoted growth of melanoma cells in vitro
To verify our hypothesis and to mimic endogenous maturation of miR-4633-5p, A375 cells and M435S cells were transfected with mir-4633-expressing plasmid or control plasmid. As expected, A375 cells transfected with mir-4633 showed decreased proliferation and colony formation than those transfected with control plasmid (Fig. 3C-D) . Moreover, the application of anti-miR reversed the growth-inhibitory effect of mir-4633, while the application of anti-NC resulted in minimal difference (Fig. 3C-D) . Parallel RT-qPCR also demonstrated that although the expression of miR-4633-5p and miR-4633-3p both increased by 2 8 fold upon transfection of mir-4633, the application of anti-miR down-regulated exclusively the expression of miR-4633-5p by 2 4 fold, while the expression of miR-4633-3p remained unchanged. Experiments with M435S cells showed similar results (data not shown). Therefore, overexpression of miR-4633-5p suppressed growth of melanoma cells in vitro, while knockdown of miR-4633-5p promoted cell growth.
Overexpression of miR-4633-5p suppressed invasiveness and secretion of MMP2 in A375 cells in vitro
To investigate whether miR-4633-5p regulates the migratory activity of melanoma cells in vitro, un-coated and coated transwell assays were performed. A375 cells transfected with mir-4633-expressing plasmid showed decreased invasiveness than cells transfected with control plasmid (mean invasion%, 50.7 vs. 83.0, P=0.001, one-way ANOVA-Bonferroni test, Fig. 4A) . Moreover, the application of anti-miR reversed the invasiveness-inhibitory effect of mir-4633, while the application of anti-NC resulted in minimal difference (mean invasion%, 76.9 vs.48.7, P=0.006, one-way ANOVA-Bonferroni test, Fig. 4A ). Repeated experiments with M435S cells failed to yield any result, as none of the cells invaded through the coated permeable membrane (data not shown).
MMP2 and MMP9 are two of the major metalloproteinases that play a crucial role in extracellular matrix remolding [20] . To explore whether the status of these two enzymes were altered upon overexpressing miR-4633-5p in melanoma cells, we evaluated the expression of MMP2 and MMP9 in A375 cells and M435S cells. Results of both RT-qPCR and western blot analysis of cell lysate showed that the expressions of MMP9 in both cell lines were below detection limit. Meanwhile, the expression of MMP2 in M435S cells was also below detection limit (data not shown), which was in accordance with data in the Cancer Cell Line Encyclopedia database (CCLE, www.broadinstitute.org/ccle) and was able to explain why M435S cells failed to invade through the coated permeable membrane in the above
experiments. Therefore, only the secretion of MMP2 in A375 cells was further evaluated. Both gelatin zymography and western blot analysis of culture media showed that A375 cells transfected with mir-4633-expressing plasmid secreted less pro-MMP2 and MMP2 than those transfected with control plasmid (Fig. 4B) . In addition, the application of anti-miR reversed the secretion-inhibitory effect of mir-4633, while the application of anti-NC resulted in minimal difference (Fig. 4B) . To further explore whether the decrease in secretion was caused by reduced synthesis of MMP2, we evaluated the expression of MMP2 in A375 cell lysate. Both RT-qPCR and western blot analysis showed that endogenous expression of MMP2 mRNA and protein remained unchanged in A375 cell lysate (Fig. 4C-D) . Therefore, overexpressing miR-4633-5p suppressed the invasiveness and secretion, but not transcription or translation, of MMP2 in A375 cells in vitro. [12, 13] . Therefore, we evaluated the phosphorylation status of Akt, its upstream regulators (PDK1 and PTEN) and its downstream target (GSK-3β) upon overexpression of miR-4633-5p [12, 13] . In both A375 cells and M435S cells, cells transfected with mir-4633-expressing plasmid showed decreased expression of pAktS473, pAktT308, pPDK1S241, pPTENS380 and pGSK-3βS9 compared with those transfected with control plasmid (Fig. 5) . Moreover, the application of anti-miR restored phosphorylation of Akt, PDK1, PTEN and GSK-3β compared with that of anti-NC (Fig. 5) . Therefore, overexpression of miR-4633-5p induced inactivation of Akt pathway in melanoma cells in vitro.
Discussion
With the growing knowledge about the biology of miRNAs, especially the stem-loop structure of miRNA precursor, new miRNAs are continuously being discovered, among which is miR-4633-5p. However, since its discovery, the role of miR-4633-5p in carcinogenesis has not been studied yet [21] . Our study demonstrates for the first time that low expression of miR-4633-5p accurately discriminates metastatic sinonasal mucosal melanoma patients from non-metastatic patients. Additionally, miR-4633-5p suppresses the aggressive growth of melanoma cells through inhibition of MMP2 secretion and inactivation of Akt pathway.
MiRNAs were found to be rather stable in FFPE sample over years. This durable merit of miRNA permits us to retrospectively screen the miRNA profile in rare types of melanoma. The present study is the first time to explore miRNA expression profile of melanoma in sinonasal mucosa, while the previous researches studying miRNA expression profile either in melanoma tissue or in plasma mainly focused on cutaneous melanoma, uveal melanoma and conjunctival melanoma. So far, dozens of miRNAs were found to associate with pathogenesis, prognosis and differential diagnosis of melanoma [8, 9, [22] [23] [24] . For example, a panel of 4 miRNAs (miR-150-5p, miR-15b-5p, miR-16-5p and miR-374b-3p), when combined with stage, distinguish melanomas with brain metastasis from non-metastatic patients [22] . Additionally, two circulating miRNAs (miR-1246 and miR-185) were found to discriminate patients with metastatic melanoma from healthy subjects with sensitivity of 90.5% and specificity of 89.1% [23] . Apart from findings of miRNAs as biomarkers in the metastatic course of melanoma, a number of clinical trials using miRNAs as therapeutic means for cancer treatment have been carried out and some preliminary data have shown inspiring outcomes [24] . MiRNAs affect multiple cellular functions via regulating a myriad of downstream targets that relate to tumorigenesis. The aberrant activation of the Akt signaling pathway is extensively involved in the development of melanoma [12, 13] . Previous studies showed that the expression of p-AktSer473 was higher in melanoma than in nevi and that positive immunohistochemical staining of p-AktSer473 was associated with worse 5-year survival in primary melanoma [25, 26] . In Akt signaling pathway, PDK1 phosphorylates and activates Akt at the cell membrane while PTEN serves as an off-switch [27] . The phosphorylation of PTEN suppresses its phosphatase activity, which in turn facilitates the recruitment of Akt to the cell membrane, where Akt is activated [28] . The activated Akt then exerts its functions through phosphorylation of numerous downstream targets, including GSK-3β, that relate to cell proliferation and migration. Here we found that proliferation of melanoma cells and activation of Akt pathway changed conversely with the expression of miR-4633-5p, suggesting that miR-4633-5p negatively regulates the growth of melanoma cells through inactivation of Akt pathway.
Regardless of site of origin, invading through the degraded extracellular matrix is crucial for melanoma cells to leave primary site and to form metastases. MMP2 has long been shown to participate in extracellular matrix remodeling and metastasis of melanoma [20, 29] . MMP2 is synthesized in the cytoplasm as an inactive pro-enzyme (pro-MMP2) and then secreted into the extracellular matrix, where pro-MMP2 is recruited to the cell membrane and cleaved into the active form (MMP2) [30] . Once activated, MMP2 degrades gelatin and other extracellular components, which in turn facilitates metastasis and growth of melanoma cells [29] . In the present study, invasiveness of melanoma cells and secretion of MMP2 in melanoma cells changed conversely with the expression of miR-4633-5p, suggesting the inhibitory role of miR-4633-5p on metastasis was mediated by reducing the secretion of MMP2. Interestingly, we found that while transcription and translation of MMP2 remained unchanged, only the secretory process of MMP2 was affected by miR-4633-5p, which is in part in contrast to previous studies, showing that secreted MMP2 changed in concert with MMP2 mRNA and cytoplasmic pro-MMP2 [30] . This finding was repeatedly verified by means of gelatin zymography, western blot analysis and RT-qPCR, and all results led to the conclusion that miR-4633-5p inhibits exclusively the secretory process, but neither at the transcriptional nor at the translational levels of MMP2, through intricate mechanisms which we have not yet understood.
In the present study, in vivo transplantation experiments were not included because of diminishing expression of miR-4633-5p in transfected cells. Repeated experiments showed that the expression level of miR-4633-5p in melanoma cells transfected with either mir-4633-expressing plasmid or mir-4633-expressing lentiviral vectors (data not shown) diminished over a period of 2-3 weeks in culture, while GFP expression and blasticidin/puromycinresistance were both observed in nearly 100% of cells, indicating the functional presence of the transfected exogenous genes. While the reason remains unknown, we speculate that it may reflect the growth advantage of cells with lower expression of miR-4633-5p that dominates the majority of the positive cell clones after prolonged cultivation [31] . It is possible that, after being transfected with mir-4633-expressing lentivirus, which was supposed to generate stable miR-4633-5p-overexpressing cells, the cells acquired merely blasticidin/puromycin-resistance but no intensive overexpression of miR-4633-5p. These cells cannot be eliminated by blasticidin/puromycin and eventually outgrow the miR-4633-5p-overexpressing cells. Another possible explanation is that there is negative feedback of miR-4633-5p in melanoma cells through mechanism that still remains elusive [32] .
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In situ quantification of miR-4633-5p may help bring our findings from the bench to the bedside. Clinical trials on targeted therapy, especially on immunotherapy, have shed light on the treatment of advanced-stage cutaneous melanoma, but less on patients with sinonasal mucosal melanoma [33] . To certain extent, it is due to the low incidence of sinonasal mucosal melanoma among melanomas of all sites [1] . Additionally, as was observed in 4 cases in our study (1 in the validation cohort and 3 in the application cohort), heavily pigmented (melanin present in >60% melanoma cells) melanoma tissue often yield poor-quality RNA that caused failure of cDNA amplification in RT-qPCR analysis. In practice, however, heavily pigmented melanoma takes up a considerable amount of sinonasal mucosal melanoma cases [19] . Moreover, small biopsy samples and samples with acute inflammation often fail to provide adequate high-purity tumor tissue for RNA extraction (observed in 3 cases in our study), calling for in situ evaluation of miRNA. However, in situ detection of miRNA is presently challenged by technical limitations as even the newly developed RNAscope technology is unable to detect RNAs shorter than 35nt in situ.
Conclusion
In conclusion, our finding suggests that miR-4633-5p may not only serve as a promising predictive biomarker in metastatic sinonasal mucosal melanoma, but also function as a pivotal tumor suppressor that negatively regulates the invasive activities of melanoma cells during the course of metastasis. Quantitative detection of miR-4633-5p can identify sinonasal mucosal melanoma patients with high risk of metastasis, which, in turn, may lead to the development of more personalized treatment that eventually improves the prognosis.
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